Cathodoluminescence Analysis of Nonmetallic Inclusions in Steel Deoxidized and Desulfurized by Rare-Earth Metals (La, Ce, Nd) by SUSUMU IMASHUKU & KAZUAKI WAGATSUMA
Cathodoluminescence Analysis of Nonmetallic
Inclusions in Steel Deoxidized and
Desulfurized by Rare-Earth Metals (La, Ce, Nd)
著者 SUSUMU IMASHUKU, KAZUAKI WAGATSUMA
journal or
publication title
Metallurgical and materials transactions. B,








Cathodoluminescence Analysis of Nonmetallic Inclusions in Steel Deoxidized and 1 
Desulfurized by Rare-Earth Metals (La, Ce, Nd) 2 
 3 
Susumu Imashuku* and Kazuaki Wagatsuma 4 
 5 
Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, 6 
Japan 7 
 8 
*Corresponding author: Susumu Imashuku 9 
E-mail: susumu.imashuku@imr.tohoku.ac.jp 10 
Telephone: +81-22-215-2132 11 
Address: Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 12 
980-8577, Japan 13 
 14 
ABSTRACT 15 
The injection of misch metal, which primarily consists of La, Ce, and Nd, into molten 16 
steel can reduce the size of nonmetallic inclusions, suppress the formation of harmful 17 
nonmetallic inclusions, and reduce the content of oxygen and sulfur in steel. To investigate the 18 
impact of misch metal on these effects, we propose a method for identifying inclusions in steel 19 
that has been deoxidized and desulfurized by misch metal using cathodoluminescence (CL) 20 
analysis within 1 min. Based on the CL images and spectra of model steel samples that was 21 
deoxidized and desulfurized by La, Ce, or Nd metal, we demonstrate that La2O3, La2O2S, CeO2, 22 
Ce2O2S, Nd2O3, and Nd2O2S inclusions can be identified by the emitted luminescence color 23 
using cameras with sensitivity ranges of 420–680 nm and 350–1000 nm. La2O3, La2O2S, CeO2, 24 
Ce2O2S, Nd2O3, and Nd2O2S inclusions emitted blue–green, yellow–orange, yellow–orange, 25 
violet, blue–violet, and red luminescence, respectively, when observed with a camera at 420–26 
680 nm. CeO2 and Nd2O3 inclusions emitted red–orange and red–violet luminescence, 27 
respectively, when observed with a camera at 350–1000 nm. 28 
29 
 2 
I. INTRODUCTION 30 
Deoxidization and desulfurization are highly important processes for producing high-31 
quality steels. In general, aluminum (Al), silicon (Si), and manganese (Mn) are used as 32 
deoxidizers, whereas calcium oxide (CaO), magnesium (Mg), calcium carbide (CaC2), and 33 
sodium carbonate (Na2CO3) are used as desulfurizers. The oxides and sulfides that form during 34 
deoxidization and desulfurization, such as alumina (Al2O3), spinel (MgAl2O4), silica (SiO2), 35 
calcium aluminates, manganese sulfide (MnS), and calcium sulfide (CaS), become nonmetallic 36 
inclusions in steel. Such inclusions may induce quality degradations in steel, such as surface 37 
flaws, hydrogen-induced cracking, decreased resistance to corrosion, fatigue failure, reduced in 38 
ductility, and low-temperature embrittlement.[1-5] The contribution of nonmetallic inclusions to 39 
the abovementioned problems can be relieved by reducing the size of nonmetallic 40 
inclusions[1,2,6] (below ca. 10 μm[3,4]), dispersing nonmetallic inclusions,[1,2,6] and removing 41 
harmful nonmetallic inclusions,[1,6,7] such as Al2O3, MgAl2O4, and MnS. When misch metal, 42 
which primarily consists of the rare-earth metals of lanthanum (La), cerium (Ce), and 43 
neodymium (Nd), is used as a deoxidizer and desulfurizer, the size of nonmetallic inclusions 44 
can be reduced to below 5 μm;[8-12] moreover, the nonmetallic inclusions exhibit a disperse 45 
distribution,[10,13] and the formation of MnS inclusions, which act as initiation sites for pitting 46 
corrosion and crease cracks in stainless steels, is suppressed by the formation of rare-earth 47 
oxysulfides.[9,11,12,14,15] Additionally, rare-earth metals can reduce the amount of oxygen and 48 
sulfur in steel to a magnitude of 10-4 mass%.[13] Therefore, misch metal is a promising 49 
deoxidizer and desulfurizer for producing high-quality steel. Oxides, oxysulfides, and sulfides 50 
containing rare-earth elements form as nonmetallic inclusions in steel when misch metal is used 51 
as a deoxidizer and desulfurizer. The identification of these compounds is vital to investigate 52 
whether the rare-earth elements in misch metal effectively suppress the formation of harmful 53 
nonmetallic inclusions and reduce oxygen and sulfur contents in steel. 54 
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Electron probe microanalyzer (EPMA) is a widely used instrument for performing 55 
compositional analyses of nonmetallic inclusions in steel.[16,17] This analytical method can 56 
provide precise chemical compositions of nonmetallic inclusions. However, when multiple 57 
chemical compounds, such as oxides, oxysulfides, and sulfides, are distributed in an analyzed 58 
area, it is difficult for EPMA to identify these chemical compounds. In this study, we focused 59 
on cathodoluminescence (CL) analysis, which is used to obtain images and spectra based on 60 
light emission from materials induced by electron bombardment, to identify nonmetallic 61 
inclusions in steel that has been deoxidized and desulfurized by misch metal. We demonstrate 62 
that CL analysis can be used to identify the oxides and nitrides produced in steelmaking, such 63 
as nonmetallic inclusions after deoxidization processes[18-23] (MgAl2O4 spinel, Al2O3, calcium 64 
aluminates, BN, and AlN), free-lime[24] and free-magnesia[25] in steelmaking slags, and surface 65 
oxide scales on Fe–Al alloys.[26] The CL colors and spectra are generally determined by the 66 
chemical compounds present. Therefore, it may be possible to distinguish among rare-earth 67 
oxides, rare-earth oxysulfides, and rare-earth sulfides that co-exist in the same area by their 68 
luminescence color and CL spectrum. The purpose of this study was to establish a method for 69 
identifying nonmetallic inclusions in steel that has been deoxidized and desulfurized by misch 70 
metal using CL analysis. 71 
 72 
II. EXPERIMENTAL 73 
CL analysis was performed for model steel samples prepared by melting iron (Fe) and 74 
a pure rare-earth metal in an argon atmosphere. This preparation method is a general procedure 75 
for model samples of steel containing nonmetallic inclusions at the laboratory scale. We used 76 
the rare-earth metals of La, Ce, and Nd for the model steel samples because misch metal 77 
primarily consists of La (ca. 25 mass%), Ce (ca. 50 mass%), and Nd (ca. 15 mass%) metals.[8-78 
10] Electrolytic Fe powder (purity: 99.9%, Wako Pure Chemical Industries, Ltd., Osaka, Japan), 79 
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sulfur (S) powder (purity: 98%, Nacalai Tesque, Inc., Kyoto, Japan), and pieces of the rare-80 
earth metal were placed in an Al2O3 crucible at the ratios shown in Table I. La (purity: 99.9%, 81 
Nippon Yttrium, Co., Ltd., Fukuoka, Japan), Ce (purity: 99.9%, Nippon Yttrium, Co., Ltd., 82 
Fukuoka, Japan), or Nd (purity: 99.9%, Nippon Yttrium, Co., Ltd., Fukuoka, Japan) pieces were 83 
used for preparation of the model steel samples. The mixture was heated at 1560 °C for 30 min 84 
and then furnace cooled to room temperature in an argon atmosphere with a flow rate of 200 85 
ml·min−1. The surfaces of the model steel samples were polished using 600-, 1200-, and 2400-86 
grit abrasive sheets and finished using a 1-μm diamond slurry. 87 
 88 
Table I. Nominal composition of the model steel samples. 89 
Sample Fe (mass%) S (mass%) La (mass%) Ce (mass%) Nd (mass%) 
A 97.45 0.05 2.5 0 0 
B 97.45 0.05 0 2.5 0 
C 97.5 0 0 0 2.5 
D 97.45 0.05 0 0 2.5 
 90 
We acquired CL images and spectra of nonmetallic inclusions in the model steel samples 91 
using a custom scanning electron microscope-CL (SEM-CL) system. Details of the SEM-CL 92 
system for capturing CL images[19,21,22,24-26] and collecting CL spectra[25] have been previously 93 
reported. The process is briefly summarized here. CL images were captured through a quartz 94 
viewport attached to a commercial SEM instrument (Mighty-8DXL, TECHNEX, Tokyo, 95 
Japan) using a digital mirrorless camera (7RII, Sony Corp., Tokyo, Japan) equipped with a 96 
zoom lens (LZM-06075A, Seimitu Wave Inc., Kyoto, Japan). The sensitivity range of the 97 
camera was 420–680 nm. CL spectra were collected using an optical spectrometer (QE65Pro, 98 
Ocean Optics Inc., Florida, USA) by attaching a flange to introduce an assembly comprising an 99 
optical fiber and a plano-convex lens into the SEM chamber and by connecting the optical fiber 100 
to the optical spectrometer. The light emitted from nonmetallic inclusions in the model steel 101 
samples was collimated by an off-axis parabolic mirror with a 0.5-mm hole in the center that 102 
 5 
was placed above the model steel samples, and the collimated light was introduced into the 103 
optical fiber through the plano-convex lens. Surface observations and elemental analyses of the 104 
model samples were performed using an SEM (TM3030 Plus, Hitachi High-Technologies Co., 105 
Tokyo, Japan) equipped with a silicon drift energy dispersive X-ray (EDX) detector (Quantax70, 106 
Bruker Corp., Billerica, Massachusetts, USA). For quantitative analyses of nonmetallic 107 
inclusions in the model steel samples, we did not determine the composition of oxygen but 108 
instead measured the composition of rare-earth elements (La, Ce, and Nd) and sulfur because 109 
precision of oxygen measurements for an EDX detector is generally low. 110 
 111 
III. RESULTS AND DISCUSSION 112 
We acquired CL images and spectra of nonmetallic inclusions containing La, Ce, and 113 
Nd in the model steel samples to identify these nonmetallic inclusions in steel that has been 114 
deoxidized and desulfurized by misch metal. Figure 1(a) and (b) show a CL image and the 115 
corresponding SEM image, respectively, of nonmetallic inclusions in Sample A. Most of the 116 
nonmetallic inclusions were La2O3, containing La and O but no S, as shown in Figure. 1(d), (e), 117 
and (f). The La2O3 inclusions emitted blue–green luminescence, as shown in Area 1 in Figure 118 
1(a). In contrast, a small number of the nonmetallic inclusions contained S combined with La 119 
and O as shown in Figure. 1(f), and emitted yellow–orange luminescence, as shown in Area 2 120 
in Figure 1(a). The nonmetallic inclusions that emitted yellow–orange luminescence were 121 
confirmed to be La2O2S (La: 69 at. pct, S: 31 at. pct) by EDX point analysis. The blue–green 122 
luminescence for the La2O3 inclusions corresponds to a CL peak at 525 nm, as shown in Figure 123 
1(c); the peak at 525 nm may be an intermediate color between the blue (450–495 nm) and 124 
green (495–570 nm) regions. The CL peak of the La2O3 inclusion at 525 nm was consistent 125 
with the spectrum reported in a previous study[27] and originated from praseodymium (III) ions 126 
(Pr3+) substituting lanthanum (III) ions (La3+). The Pr3+ in the La2O3 inclusions arose from 127 
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impurities in the La metal, which was confirmed to contain Pr on the order of 1 ppm. The 128 
yellow–orange luminescence for the La2O2S inclusions is due to a broad CL peak at 129 
approximately 600 nm, as shown in Figure. 1(c); this peak may be an intermediate color 130 
between the yellow (570–590 nm) and orange (590–620 nm) regions. It is speculated from 131 
previous reports on the luminescence spectra of La2O2S
[28-29] that this CL peak of La2O2S may 132 
be attributed to Pr3+. Misch metal that is used for deoxidization and desulfurization of steels 133 
usually contains several mass% of Pr.[6-8] Therefore, La2O3 and La2O2S are expected to emit 134 
blue–green and yellow–orange luminescence, respectively, in these deoxidized and 135 
desulfurized steel samples. 136 
 137 
Fig. 1–(a) CL and (b) SEM images of a polished surface of sample A. The exposure time for 138 
the CL image was 6 s. (c) CL spectra of Areas 1 and 2 in Fig. 1(a). The acquisition time of the 139 
CL spectra was 10 s. EDX elemental mappings of (d) La, (e) O, and (f) S for the same area 140 
shown in Fig. 1(b). 141 
 142 
Nonmetallic inclusions with yellow–orange luminescence were detected in Sample B, 143 
as shown in Figure 2(a). These inclusions contained Ce and O but did not contain S, as shown 144 
in Figure 2(e), (f), and (g), indicating that these inclusions were cerium oxide (Ce2O3 or CeO2). 145 
The CL spectrum in Figure 2(h) indicates that the nonmetallic inclusions were CeO2 because a 146 
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broad CL peak at approximately 600 nm is consistent with a previously reported peak related 147 
to oxygen vacancies in CeO2.
[30,31] In contrast, another previous study reported that the 148 
substitution of Nd (III) ions (Nd3+) to Ce (IV) ions (Ce4+) leads to CL peaks near 900 nm.[32] 149 
The Nd3+ in the CeO2 inclusions arose from impurities in the Ce metal, which was confirmed 150 
to contain Nd on the order of 1 ppm. The CL intensity of the peaks near 900 nm should increase 151 
for CeO2 inclusions in steel that has been deoxidized and desulfurized by misch metal because 152 
misch metal generally contains Nd on the order of tens of mass%.[8-10] Therefore, La2O2S and 153 
CeO2 inclusions can be distinguished by the luminescence color observed using a camera that 154 
can detect infrared light, although the La2O2S and CeO2 inclusions both emitted similar 155 
luminescence colors when they were observed by a camera with a sensitivity range of 420–680 156 
nm. CeO2 inclusions emitted red–orange luminescence when observed by a camera with a 157 
sensitivity range of 350–1000 nm, as shown in Figure 2(c). The sensitivity range was extended 158 
by detaching a built-in filter that blocks ultraviolet and infrared light for complementary metal-159 
oxide semiconductor sensors in the camera. Low-intensity violet luminescence was detected 160 
from an inclusion that contained Ce, O, and S (Area 4), as shown in Figure 2(d), when the 161 
electron beam was focused on the area. We attribute the violet luminescence to Ce2O2S because 162 
the composition of the area was confirmed to be Ce: 68 at. pct and S: 32 at. pct by EDX point 163 
analysis. We were unable to acquire a CL spectrum for this area because of the low intensity. 164 
 165 
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Fig. 2–(a) CL and (b) SEM images of a polished surface of sample B. The exposure time for 166 
the CL image was 6 s. (c) CL image of the same area in Fig. 2(a) acquired using a camera with 167 
a sensitivity range of 350–1000 nm. The exposure time for the CL image was 2 s. (d) CL image 168 
near Area 4 in Fig. 2(b). The exposure time for the CL image was 30 s. The beam current 169 
density applied to the sample to capture Fig. 2(d) was approximately 100 times higher than that 170 
for Fig. 2(a). EDX elemental mappings of (e) Ce, (f) O, and (g) S for the same area shown in 171 
Fig. 2(b). (h) CL spectrum of Area 3 in Fig. 2(a). The acquisition time of the CL spectrum was 172 
60 s. 173 
 174 
 A Nd2O3 inclusion was detected in Sample C by EDX point analysis as shown in 175 
Figure 3(a), and the Nd2O3 inclusion emitted weak blue–violet luminescence (Figure 3(b)). This 176 
CL color agrees with the CL spectrum of the Nd2O3 inclusion shown in Figure 3(c); a small 177 
broad CL peak was observed at approximately 420 nm and may be an intermediate color 178 
between the violet (420–450 nm) and blue (450–495 nm) sensitives of the camera. More intense 179 
CL peaks were also detected at 870, 885, 900, and 915 nm. All of the CL peaks were attributed 180 
to Nd3+.[32,33] Both the Ce2O2S and Nd2O3 inclusions emitted similar luminescence colors when 181 
observed by a camera with a sensitivity range of 420–680 nm. In contrast, due to the CL peaks 182 
of the Nd2O3 inclusions in the infrared region, we can distinguish between Ce2O2S and Nd2O3 183 
inclusions by their luminescence color because the Ce2O2S inclusion did not exhibit intense CL 184 
peaks in the infrared region, as shown in Figure 2(c). The Nd2O3 inclusion emitted red–violet 185 
luminescence by the camera with a sensitivity range of 350–1000 nm, as shown in Figure. 3(d). 186 
Figures 4(a) and (b) show a CL image and the corresponding SEM image, respectively, of 187 
nonmetallic inclusions in Sample D. The nonmetallic inclusions including Nd, O, and S (Figure 188 
4(d), (e), and (f)) emitted red luminescence. EDX point analysis revealed that the composition 189 
of the nonmetallic inclusions (Area 5 in Figure 4(b)) was close to Nd2O2S (Nd: 67 at. pct, S: 33 190 
at. pct). The CL spectrum of the Nd2O2S inclusion result in the red luminescence; CL peaks 191 
were observed at 605 and 615 nm, and the red-shifted tail of the peaks occur in the red 192 
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sensitivity (620–680 nm) of the camera, as shown in Figure 4(c). The Nd2O2S inclusion also 193 
showed CL peaks at 820, 900, and 920 nm. All of the CL peaks for the Nd2O2S inclusion 194 
originated from Nd3+.[32,33] Area 6 in Figure 4(b) corresponds to Nd2O3 since S was not detected 195 
in this area, as shown in Figure 4(f); however, we did not detect any luminescence from Area 196 
6 because the CL peak intensity of the Nd2O3 inclusions at 420 nm is approximately 80 times 197 
lower than that of the Nd2O2S inclusions at 615 nm (Figure 3(c) and Figure 4(c)). 198 
 199 
Fig. 3–(a) SEM and (b) CL images of a polished surface of sample C. The exposure time for 200 
the CL image was 20 s. (c) CL spectrum of the luminescent area in Fig. 3(b). The acquisition 201 
time for the CL spectra was 60 s. (d) CL image of the area shown in Fig. 3(b), acquired using a 202 




Fig. 4–(a) CL and (b) SEM images of a polished surface of sample D. The exposure time for 206 
the CL image was 5 s. (c) CL spectrum of Area 5 in Fig. 4(a). The acquisition time for the CL 207 
spectrum was 10 s. EDX elemental mappings of (d) Nd, (e) O, and (f) S for the same area shown 208 
in Fig. 4(b). 209 
 210 
The CL colors and peaks of the nonmetallic inclusions detected in the present study are 211 
summarized in Table II. These nonmetallic inclusions emitted the same luminescence as listed 212 
in Table II when we acquired CL images of inclusions in another areas of sample A, B, and D 213 
as shown in supplementary Fig. S-1 (refer to electronic supplementary material). Many Nd2O3 214 
inclusions agglomerated with Al2O3 inclusions, which came from the crucible. Thus, we could 215 
not find another Nd2O3 inclusion with blue–violet luminescence because CL intensity of Al2O3 216 
inclusions was more than 100 times higher than that of Nd2O3 inclusions. Sulfide inclusions, 217 
such as La2S3, Ce2S3, and Nd2S3, did not form in the model steel samples because a sufficiently 218 
low oxygen content was not maintained in the model steel samples. In contrast, rare-earth 219 
oxides and rare-earth oxysulfides are the primary inclusions in practical steels that have been 220 
deoxidized and desulfurized by rare-earth metals.[9,11,12,14,15] When misch metal is used as a 221 
deoxidizer and desulfurizer, La2O3, La2O2S, and CeO2, Nd2O2S inclusions in steel can be 222 
simultaneously detected by capturing CL image using the camera with sensitivity ranges of 223 
420–680 nm because these inclusions showed similar luminescence intensities of CL images as 224 
shown in Figure 1(a), 2(a), and 4(a). After identifying these inclusions, Ce2O2S and Nd2O3 225 
inclusions can be detected from CL image which is captured by extending the exposure time 226 
since their luminescence intensities of CL images were more than five times lower than those 227 
for La2O3, La2O2S, and CeO2, Nd2O2S inclusions as shown in Figure 2(d) and 3(b). When we 228 
identify rare-earth oxides and rare-earth oxysulfides among inclusions by the conventional 229 
method, EPMA, point analysis of the inclusions or elemental mappings of the inclusions is 230 
required.[8-12,14,15] It normally takes a few tens of minutes to complete the EPMA analysis, 231 
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whereas it takes within 1 min to acquire the CL image of the inclusions. Therefore, using Table 232 
II, we can rapidly identify nonmetallic inclusions in steel that has been deoxidized and 233 
desulfurized by misch metal, such as ferritic stainless steel, duplex stainless steel, MCH13 steel 234 
(0.4C–5Cr–1.2Mo–1.0V steel deoxidized by rare earth metals), and Fe-B cast steel, based on 235 
their luminescence color, using cameras with sensitivity ranges of 420–680 nm and 350–1000 236 
nm. The CL method we presented in this study can be applied to the analysis of normal 237 
inclusions such as Al2O3 and MgAl2O4 spinel inclusions. Therefore, we can simultaneously 238 
detect both inclusions that contain rare-earth elements and the normal inclusions in steels by 239 
the CL method. 240 
 241 
Table II. CL color captured by cameras with sensitivity ranges of 420–680 nm and 350–242 
1000 nm, CL peak wavelength, and luminescence center for nonmetallic inclusions 243 
detected in the present study. 244 
Compound Color Wavelength (nm) Luminescence 
Center 420–680 nm 350–1000 nm 
La2O3 blue–green – 525 Pr
3+ 
La2O2S yellow–orange – 600 Pr3+ 
CeO2 yellow–orange red–orange 600 oxygen vacancy 
900 Nd3+ 
Ce2O2S violet n.d. n.d.  
Nd2O3 blue–violet red–violet 420, 870, 885, 900, 915 Nd
3+ 
Nd2O2S red – 605, 615, 820, 900, 920 Nd3+ 
– and n.d. denote not measured and not detected, respectively. 245 
 246 
IV. CONCLUSIONS 247 
 We investigated CL images and spectra of nonmetallic inclusions in steel that had been 248 
deoxidized and desulfurized by the rare-earth metals of La, Ce, and Nd to identify these 249 
inclusions by their luminescence color. La2O3, La2O2S, CeO2, Ce2O2S, Nd2O3, and Nd2O2S 250 
were found to form as nonmetallic inclusions in the model steel samples. The La2O3 and La2O2S 251 
inclusions emitted blue–green luminescence with a CL peak at 525 nm and yellow–orange with 252 
a CL peak at 600 nm, respectively. Violet luminescence with a lower intensity compared to that 253 
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of CeO2 was detected for the Ce2O2S inclusions. The Nd2O3 inclusions emitted blue–violet 254 
luminescence due to a CL peak at 420 nm. The Nd2O2S inclusions emitted red luminescence 255 
with CL peaks at 605 and 615 nm. Although La2O2S and CeO2 inclusions showed similar CL 256 
colors (yellow–orange), CeO2 inclusion emitted red-orange luminescence owing to the CL peak 257 
at 900 nm when observed by a camera with a sensitivity range of 350–1000 nm. The Ce2O2S 258 
and Nd2O3 inclusions also exhibited similar CL colors (violet), but the Nd2O3 inclusion emitted 259 
red-violet luminescence resulting from CL peaks at 870, 885, 900, and 915 nm when observed 260 
by a camera with a sensitivity range of 350–1000 nm, whereas the Ce2O2S inclusion emitted no 261 
luminescence. Therefore, we can identify La2O3, La2O2S, CeO2, Ce2O2S, Nd2O3, and Nd2O2S 262 
inclusions by their luminescence color using cameras with sensitivity ranges of 420–680 nm 263 
and 350–1000 nm. The acquisition time of the CL images is within 1 min which is more than 264 
10 times faster than that of the conventional analytical method of inclusions in steel, EPMA. 265 
Thus, the method presented in this study has potential for identifying nonmetallic inclusions in 266 
steel that has been deoxidized and desulfurized by misch metal, such as ferritic stainless steel, 267 
duplex stainless steel, MCH13 steel, and Fe-B cast steel. 268 
 269 
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Fig. S-1 CL, SEM images, and EDX elemental mappings of REE(La, Ce, Nd), O, and S of non-
metallic inclusions in sample A, B, and D. 
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